Abstract -A review is presented on some recent developments in the thermodynamics of aqueous solutions of organic substances, that can be considered as models of the repeating units of naturally occurring polypeptides and proteins. The attention is firstly focused on the solute-solvent interactions as basis to understand some aspects of the solute-solute interactions. The solvent in fact, especially in dilute solutions, seems to take active part in these interactions. All these poorly specific interactions, as are repeated for each aminoacid residue, must be considered in the conformational treatments of the stability of proteins. Preliminary interesting data are also reported, concerning model peptide-model peptide and other interactions in concentrated aqueous solution of urea, that is a usual denaturing medium for proteins and biopolymers. The unexpected and stimulating results suggest that, in this solvent, the hydrophilic interactions are screened, probably because polar groups are preferentially solvated by urea. Moreover the highly polar urea-water mixtures seem still to exert a kind of "lipophobic" effect against the alkylic chains of the considered solutes.
INTRODUCTION
It is generally accepted that the biologically active conformation of proteins and other natural macromolecules, for a given primary structure, is unique, thermodynamically stable and resulting from a delicate balance of contrasting intermolecular and intramolecular weak interactions (ref. 1 ). The peptide model systems then became the subject of many studies since they can give information on the interactions with the solvent and on the long-range intramolecular interactions, that have a role in the folding. The peptide-urea interactions also are of great interest in biophysical chemistry, since they concern the denaturation processes, often used in perturbative approaches to gain an insight in the stability of proteins. To avoid complications due to the presence of pairs of net charges, as in the case of dipolar ions of aminoacids, different kinds of uncharged molecules have been used in the past for peptide-peptide and peptide-urea interaction model studies (refs. 2-7) . Only a few data on urea-amide aqueous systems have been published (refs. 8-13) , in spite of the fact that also amides can be considered as good models for the structural units of polypeptides. Some years ago Lilley and coworkers proposed to use, as model molecules, the uncharged amides of the N-acetyl derivatives of aminoacids and peptides of general formula: CH3C0 NHCHRCO NHR' -E i with n=1,2,3. .., and R'=-H, -CH3. The terms with n=l, especially, are very suitable for interaction studies, with respect to uncharged molecules already used,for their good solubility in water. In a long series of papers Lilley and coworkers (for a recent review see ref. 14) have studied the dilute solutions of these N-acetylamides of aminoacids. Recently at the author's laboratory the interactions between enantiomeric aminoacid and aminoacids derivatives have been also studied (refs. 15-18 ).
R being a side chain of a naturally occurring or synthetic aminoacid 57 On the other hand, the knowledge of peptide-water, peptide-peptide and peptide-urea interactions is not sufficient for unravelling the properties of these solutions. It is well known that one of the interactions, commonly considered responsible for the tilted conformation is the hydrophobic interaction or effect or bond (refs. 19-23) . This kind of interaction is still the subject of many controversies, but the studies of Ben-Naim (refs. 24,25), Friedman (refs. 26 .27) Franks (refs. 28-31) and coworkers, have contributed to clarify many aspects (one of the main being the distinction of the apolar group-water interaction, i.e. the so called hydrophobic hydration, from the apolar solute-apolar solute interaction, "assisted" or "mediated" by the solvent water). Theoretical contributions often revise critically all the matter (refs. 32-36), so the hydrophobic forces are still the object of extensive studies.
of globular proteins and for other features of biological macromolecules, The existence of mixed interactions, between polar and apolar groups, have been stressed some years ago by Savage and Wood, who proposed also an additivity of group method for analyzing all dilute solutions, in a given solvent, of non-electrolytes (ref. 8 ) . Water and aqueous solutions are particularly favourable to this kind of approach (and the Savage and Wood proposal was somewhat successful in the past years), because the role of water as ',assisting solvent" to the solute-solute weak interactions probably makes comparable all the solute-solute, solute-solvent and solvent-solvent non bonding interactions.
This review, necessary limited in its purposes, likes to cover recent progress on thermodynamics of dilute solutions of peptides, amides and related solutes and discuss briefly some models proposed to rationalize the properties of these systems. Two experimental approaches are possible and it is useful to couple them for a better understanding of the solution properties: a) hydration or solvation studies, that deal essentially with the transfer of the solute species from ideal gas phase to the infinitely dilute solution (in water or whatever solvent or mixture); b) interaction studies between molecules of the same or different solute species. The discussion will be focused only on the pairwise interactions, unique in that they have a sufficiently defined mechanical statistical basis, the analysis among three or more molecules being on the contrary ill founded. For the interaction studies the role of the solvent cannot be neglected, for the competitive nature of the solute-solvent interactions, with respect to the solute-solute ones, when the solvent is so polar as water. For this reason and because the water-urea mixtures at high concentration of urea are the real denaturing medium of proteins, the interaction studies were extended to this mixed solvent. Preliminary results and extended papers have been just submitted or are in preparation (refs. 37-42).
ENTHALPIES OF HYDRATION AND SOLVATION STATE OF AMlDES
The more complete studies on the hydration of molecules interesting as models for peptides have concerned the liquid amides . The combination of enthalpies of vaporization and solution in water at 298.15 K gives the enthalpies of hydration, i.e. the enthalpies of transfer of the solute from gaseous phase to the infinitely dilute solution:
Such data, both determined calorimetrically, are useful for comparison, as they refer to the ideal vapour as common reference state. The experimentaldhyd$io of liquid amides are a l l negative (Table l) , the absolute values increasing on increasing the lenght of the alkylic chains. The data can be analyzed according to a group additivity approach: where n(A) indicate the number of each group of atoms (A) into which is ideally divided the substance x. The different amidic groups (-CONH2,-CONH-, -CON= ) and the methylene equivalent group (CH3 being considered as 1.5 CH2 and CH as 0.5 CH2) are necessary to describe the data. It is possible to see that the contributions of the alkylic groups to the ) enthalpies of hydration are -6 kJ/mol (CH2) for monosubstituted and -4.5 kJ/mol (CH 2 for disubstituted amides, in agreement with results concerning other solutes bearing normal or branched alkyl chains (refs. 46,48,50,51) . This effect arises from the hydrophobic surface exposed to the aqueous solvent. The proximity of alkylic chains explains the little difference found in the case of disubstituted amides. This kind of "hydrophobic" (refs. [24] [25] [26] [27] [28] [29] [30] or "aperipheral hydration" (ref. 52) must be distinguished from the "hydrophobic effect" pertaining to solute-solute interactions. The negative sign of these enthalpic contributions are a proof of the rearrangements of water-water interactions in the cosphere of the alkylic chains that overwhelm the cavitation term. 
HYDRATION OF PROTECTED AMlNOAClDS AND UREA
The determination of the hydration enthalpies of protected aminoacids, as N-acetylamide derivatives, offers some difficulties, because the vaporization rate of these solids is very low at 298.15 K. A research programme, recently begun, was finalized to the determination of the sublimation enthalpies, obtained from the temperature dependence of the vapour pressures. These were measured by means of a torsion-effusion method. Because the sublimation process was carried on at temperatures much higher than 298.15 K, it is needed to have at disposal (to convert the data at standard temperature) the integrated values of the Cp of the solids and vapours over the entire temperature range. The enthalpy of hydration then can be obtained from the relationship:
More steps will be needed, if solid state transitions are present. In this case each transition enthalpy must be taken into account and the integral of the third term on 1.h.s. of the eqn.
In Table 2 the enthalpies of solution in water at 298.15 K and those of sublimation, at the given temperature ranges, are reported for some N-acetylamides of aminoacids and two cyclic anhydrides of aminoacids (diketopiperazines) (refs. 56-59) 
. Enthalpies of solutions for N'-methylated acetylamides have been determined recently (ref. 60). The values for urea are also-reported (ref. 61).
In all cases no solid state transitions were detected. In the same Table 2 The detailed knowledge of the crystal packing is indispensable for explain the anomalies in the sequences of properties of solids with respect to the molecular weights and number of alkylic and functional groups (refs. 58,62-65) .
(3) must be substitued with a sum of integrals.
Work is in progress for refining and extending this approach to other systems. NAGA, N-acetylglycinamide; NAAA, N-acetylalaninamide; NAVA, N-acetylvalinamide; NALA, N-acetyl leucinamide; NAPA, N-acetylprolinamide; cG2, cyclic glycilglycine anhydride; cSar2, cyclic sarcosylsarcosine anhydride.
EXCESS T H E R M O D Y N A M I C PROPERTIES
The excess thermodynamic properties deal with the deviations of the systems from the ideality. For treating real liquid mixtures, rational activity coefficients and pure component standard states are conveniently used. For unsymmetrical dilute solutions, in particular of metabolytes and their models, most of them solids at room temperature, a different choice is useful for the standard state (pure solvent and solute at infinite dilution).
For practical reasons the experimentalists use the molality scale, all the trasforming relationships being known (ref. 6 6 ) . Kauzmann (ref. 67) and Friedman (ref. 27) adapted the McMillan-Mayer theory of solutions (ref. 68) to the aqueous solutions of uncharged organic molecules and other nonelectrolyte mixtures. An excess thermodynamic property, J can be defined per each osmolality as follows: n
where J is the solute property, J o ( l ) the value of the property for 1 kg of the pure solvent, J o (x) the limiting partial molal quantity of each solute x, m(x) the corresponding molality and JID the ideal term. A virial-type power expansion series is often used to express each excess thermodynamic property as a function of the molality of the solutes:
In principle the coefficients of the excess Gibbs free energies -g(xy), g(xyz) etc.-will represent the interaction coefficients relative to pairs, triplets and higher number of solute particles. The classical thermodynamic transformations will relate the second enthalpic, entropic, volumetric etc. coefficients to that of the free energy. The physical meaning of the coefficients of eqn. ( 5 ) however is much more complex. This is clear considering the second virial coefficients of the osmotic pressure B*(xx) and internal energy ~(xx), that have a simpler statistical mechanical meaning. For spherical solute molecules it results: To the first set pertain alcohols and other solutes bearing one or more aliphatic short chains (not the surfactants); the second set encloses hydrophilic solutes that perturb the ordered local structure of the water (chaotropic solutes), essentially because their orienting effect is not compatible with an ice-like organization of the solvent; the third set encloses essentially oligosaccharides: the solute-solvent interactions are probably dominant for these substances and screen the other ones.
The predominant interactions, hydrophobic interactions, already discussed in the Introduction, that have been envisaged as an entropically driven overlap of the ordered cospheres of apolar frameworks of solutes molecules, with releasing of water to the bulk (refs. 24-30) . In other words the perturbation induced by the apolar solute in the solvent water at infinite will increase less than proportionally with the solute concentration. Likewise, it was proposed for urea-like solutes (refs. 69,701 that the coalescence of "distorted" cospheres is responsable for the excess thermodynamic properties, rather than a direct solute-solute interactions. The last point is of noticeable interest to rationalize the results of the next sections, concerning peptide-peptide interactions, because the dimerization model of urea was very popular for a long time (Fig . a ) . 
PEPTIDE-PEPTIDE AND OTHER INTERACTIONS IN WATER
In enthalpies and entropies at 298.15 K are reported for N-acetylamides and anhydrides of aminoacids, for urea and some of its derivatives and for some amides. The more hydrophilic compounds behave as urea-like, at least at this temperature, the other ones as prevailingly hydrophobic. Monomethylurea shows an intermediate behaviour. For the second group the values of the coefficients increase approximately with the square of the number of methylene groups per solute molecule. The absolute values for the first group seem also to increase rapidly with the number of functional groups. Table 3 Table 1 for amides (and ureas) and Table 2 (5) 273 (5) 294 (5) 1919 ( 28) 1969 (24) 1822 ( 41) Focusing the attention on peptide-like species, Lilley's and the author's groups were successful in refining the results of Wood. It was possible to distinguish interactions involving a peptide group in cis conformation (ref. 6) . Similarly the contributions due to interactions involving completely alkylated CON groups revealed to differ by small but significant amounts from those involving the peptidic o r amidic groups (ref. 84) . Reconsidering separately the results for the amides it was possible to show that the interactions between the CONH groups on alkylamides gave enthalpic contributions differing (refs. 12,85) from those found in the case of protected aminoacids (ref. 84) . Finally studying sets of aqueous systems containing only urea and an amide (refs. 12,131 or a cyclic anhydrid (refs. 5,6) o r an acetylamide of simple aminoacid (ref. 18 and this work) it was possible to distinguish among the interactions of urea with the same polar groups placed in different molecular environments. In Table 5 the results concerning aminoacid derivatives and urea, partly unpublished, are summarized. All the results concerning amides, protected aminoacrds and urea are shown in Fig. 3 as function of the number of equivalent methylene group of the peptide-model species. The results are grouped clearly (with a few exception) in four families that all show a linear dependence on the methylene number. That is a proof of the empirical validity of the additivity of groups. Separate fittings for each family give refined value for the H(U-CONH) and H(U-CH2) parameters.
In Table 6 are summarized those and other refined results of the group approach. For the Gibbs free energies the few experimental results allow to distinguish only between the G(C0NH-CONH) and the G (C0N-CON) contributions. In any case the unsubstituted and monosubstituted amidic groups behave similarly. Differences in the H(AB) values are found when two polar groups are present on a given solute molecule (alternate with alkylic groups): this fact seems to produce a slight'cooperative contribution. Considering all the systems together, high standard deviation. the data are forced to fit a line with an underestimated slope and a too Some results are of particular interest: a) the peptide-peptide and hydrophobic (methylenemethylene) interactions are both favourable and their unspecific contribution must be taken into account as favourable to intramolecular contacts and folding, in the case of globular proteins. Vice versa ,the peptide-methylene interactions seem to be unfavourable; b) the urea-peptide interactions are favourable. Then urea will compete with intramolecular peptide-peptide interactions and promote (at high concentration) the unfolding of proteins. The urea-methylene interaction seems unfavourable, then it does not promote the unfolding.
A surprising result, shown in Table 6 is the fact that completely substituted CON groups exibit a self-interaction and an interaction with urea more favourable than the corresponding interactions involving CONH groups (refs. 12,13,84) . That is an indirect but important proof that these interactions are assisted by water. The interaction with urea can have some consequence for proteins of high proline content. Vice versa, the particularly favourable CON-CON interaction seems rather an effect confined to the dilute aqueous solutions, where the assistance of the solvent is effective, and will not contribute to the interpeptide interactions in globular proteins.
PEPTIDE-PEPTIDE AND OTHER INTERACTIONS IN CONCENTRATED AQUEOUS SOLUTION OF UREA
The concentrated aqueous solutions of urea are the real denaturing medium of proteins and other biopolymers. The knowledge of the changes undergone by the biophysical properties of model molecules in that solvent is important for a better understanding of denaturation mechanism. Moreover the urea-water mixtures are liquids of great physical chemical interest because the ice-like structure is completely destroyed, but mixed hydrogen bonded clusters are still possible. The results of preliminary calorimetric measurements here reported are promising for successful extended thermodynamic studies. The McMillan Mayer approach can be easily adapted to the thermodynamics of solutions in mixed solvents. Eqns. (6) and (7) really are of large generality and represent the basis for treating solute-solute interactions in presence of a mixtures of solvent species. The physical meaning of the virial coefficients is the same as in a single pure solvent. It must be only remembered that the solvation processes are of double nature and in competition each other.
In Table 7 the values of the h(xx) coefficients determined in 7M aqueous urea for N-acetylamides in water. In the same 39) . All the coefficients are found to be positive in concentrated urea. This is of great interest suggesting that for the more polar compound -FA, NAGA, cG2, whose h(xx) values in water are negative -the favourable water assisted interactions between the polar groups are cancelled. That is the main feature of these results and can be a proof that urea at high concentration interacts preferentially with the polar groups of the solute (urea fills much more than 50% of the volume at the used concentrations ) . Because urea is more polar than water (and in principle it can form two hydrogen bonds with an amidic or a peptidic group) it can be hypothesized that urea releases from the solvation shell during the concentration process going from an environment (the cosphere) more rich of interactions, to another (the bulk) less rich of interactions, then giving a positive contribution to the excess enthalpy. and cyclic anhydrides of simple aminoacids are compared with the values An analysis of the results given in the Table 7 Free energy data are indispensable to support a definite conclusion. More data, in concentrated urea, are also necessary for trying a group contribution analysis on an adequate statistical basis. The preliminar results confirm that polar group-polar group interactions are screened and that a small positive contribution could arise from mixed interaction between polar and apolar groups. It can be now hypothesized that the preferential solvation of urea on the polar groups will confine water into the proximity of the apolar residues. The alkylic groups, in other words, will be still hydrated, not because of a remarkable attraction between these groups and water, but rather because such a disposition is energetically more acceptable on the whole. Urea, for its own geometry, cannot participate in cages surrounding the apolar groups, as water. In conclusion it seems that even though the chaotropic nature of urea promotes the disruption of ice-like clusters of water, the highly polar mixture of the two cosolvents probably maintains a kind of organization. It can be envisaged that the apolar groups would be expelled from the networks of transient H-bonds and statistically juxtaposed by each other. Because the solvent-solvent interactions are the driving forces that promote these thermodynamic macroscopic effects, the term "lipophobic effect" seems more appropiate (for all the hydrogen bonded solvents) than the used "hydrophobic". (6) 278 (6) 513 (6) 743 (41 ) 874 (7) 639 (81 ) 846 (24) 1190 ( 25) h( xx) /W _--------- Undoubtly, the h(xx) values for mono and bifunctional alcohols, are more positive in water than in urea. However the group additivity analysis shows that in water, besides a negative H(OH-OH) Contribution, positive H(0H-CH2) contributions are present, comparable in value and number to the methylene-methylene contributions. All those are negligible or very small in concentrated urea, so that only the lipophobic interactions contribute to the h(xx) values.
(NAVA and NALA) even if it cannot be excluded that for the more heavy alkylic chains an inversion of the trend with respect to water can occour. At present it seems that, at least for shorter alkylic chains and considering only enthalpy, the lipophobic interactions result more effective in presence of high concentration of urea than in pure water. That is in agreement with the consequences of the Ben-Naim model of hydrophobic interactions, on the solubility of methane and ethane in urea-water mixture (ref. 92 ).
The same kind of explanation could be valid for the less polar acetylamides
